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ABSTRACT

This Phase 1 report covers the period 22 June through 22 November
1965 and is submitted in accordance with the requirements of Article
VII - Reports of Work, Sections B and C of Contract NAS9-4790. Monthly
reports M-1 through M-4 and the work performed during the 5th monthly
reporting period are summarized along with specific recommendations
and conclusions. The goal of this program has been to develop con-
ceptual and engineering designs for two types of Lunar Solar Reflect-
ing Beacons to be emplaced during the early Apollo Lunar Landing mis-
sions. One beacon will be visible from the earth. The other will be
visible from both the Apollo Command Module (CM) and the Lunar Excur=-
sion Module (LEM) vehicles.,

Phase I of this two-phase program encompasses static and dynamic
beacon design concepts including tracking beacons, photometric analysis
of beacon detection, reliability as affected by the lunar environment,
materials analysis, beacon location requirements, and preliminary weight
and packaging determinations. The second phase of the program will
cover environmental and materials specifications definition and engi-
neering designs of the specific beacon concepts chosen by MSC, NASA,
Houston from the recommended concepts described in this Phase I report.

On the basis of this Phase I design study, a tracking flat specular
earth reflector with an area of 33 sq ft and a field of view of 6.75 x
10-5 steradians is recommended. This beacon will easily meet the pack-
aging requirements of 20 earth pounds, 1l cubic foot, 23 inches maximum
dimension, and an assured 0.9 reliability as defined in the program
design constraints for an earth-detected beacon.

For the cislunar beacon to be viewed at a maximum slant range of
400 nautical miles, an oscillating arch specular beacon having a total
surface area of 19 sq ft and an effective reflective area of 4.44 x 102
sq ft is recommended. Such a beacon will meet the five-earth-pound
weight, 0,25-cubic-foot volume, 23 inches maximum dimension, and 0.9
reliability design constraints. This beacon will transmit a flashing
signal for 0.1 second once every 8.25 seconds using any one of various
power sources and devices.

The detailed technical analyses of the above recormended concepts
plus other beacon types that have been studied are included in the
technical discussion of this report with actual data, analyses, tables,
curves, diagrams, and sketches. This forms the background on which
the matrix analysis of the beacon design concepts is based. The matrix
in effect summarizes the technical discussion and all data presented in
this and previous monthly reports. In addition, this report is organized
to explain and expand the matrix analysis.
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1. CONCLUSIONS AND RECOMMENDATIONS

The primary purpose of this Phase I effort has been to provide NASA

with parametric data, conclusions, and recommendations relative to two

types of lunar emplaced beacons; an earth beacon and a cislunar beacon.

This section will delineate specific conclusions and recommendations

relative to these beacons.

1.1 Conclusions

1.

Beacon Feasibility - Both the earth and cislunar beacons can

be built within the design constraints using state-of-the-art
hardware and technology to satisfy some, but not simultaneously
all, of the desirable features of a cislunar or earth beacon.
Therefore, beacon design compromises are necessary relative to
orientation, field of view, flashing signal vs. continuous
signal, motion, reliability, and signal viewing time to
optimize the beacon performance within the weight and packaging
constraints.

Diffuse or Specular Beacons - Specular spherical beacons are

superior to diffuse spheres on an illuminance-to-weight ratio
due to the higher reflectance, specific strength, and specific
rigidity of a specular sphere relative to a diffuse sphere.

Beacon Areas - The recommended specular cislunar beacon area

is 1.11 x 1072 £t and the equivalent diameter is 50.5 feet
for a 400 nautical mile range, a 0° phase angle, and average
lunar maria reflectance of 0.065, and using the 1.58-inch,
28-power command module sextant as a sighting instrument.
This spherical diameter is similar to the diameters proposed
for the 175 nautical mile range Surveyor emplaced landing aid,
when one considers that the relative beacon diameters under
equivalent viewing conditions will vary as the range of the

observation.
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The recommended specular flat earth beacon area of 33 ft2 falls
midway between the earlier optimistic calculated areas reported
in the literature and some more recent area calculations made
prior to the initiation of this program. Cause of most of these
variations is primarily due to the differences in assumptions
relative to the magnification and resolution of telescopes under
adverse earth atmosphere seeing conditionms.

4. Beacon Uses - The earth beacon can be utilized as: 1) a selenco-
graphic reference for lunar mapping and motion studies; 2) a
political beacon for the enhancement of both internal and ex-
ternal governmental programs and policies; (3) a heliograph
for emergency communications in the event that all other
communications fail; &) another method of determining the

surface degradation of reflectors due to the space environment.

The cislunar beacon can serve as: 1) a lunar landing aid,

2) as a cartographic reference point for orbital and lunar
surface mapping missions, 3) a navigational aid for updating
the command module navigational system, 4) a bench point to
measure the orbital precession of the Apollo command module
due to the nonsphericity of the moon figure (this information
can aid in refining the moment of inertia calculations for the
moon) ; 5) as a heliograph for emergency communications to the
command module.

5. OQOrientation - The computer programs formulated on the program
have determined beacon orientation requirements and can predict
the location and duration of the beacon signal at any point in
space or on the earth surface. However, minor refinements are
necessary before NASA can usefully employ the programs. These
programs will be useful in orienting antennas and other direc-
tional devices utilized in communicating information from the
moon to the earth or any other point in the solar system.

6. Power Systems and Drives - Presently photovoltaic power systems

coupled with electric motors are proven state-of-the-art hardware
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for imparting motion to dynamic beacons. However, it is also
feasible to use thermal-mechanical devices, but these devices
must be developed further.

7. Reliability - Beacon reliability will depend primarily on the
beacon erectability, orientation, durability in the lunar
environment (specifically in the areas of lunar temperatures,
micrometeorite and dust impingement, ultraviolet and proton
bombardment, and the load-bearing strength of the lunar

surface) and LEM ascent dust protection.

1.2 Recommendations

Phase II of this program should proceed with the engineering
designs and specifications for both the earth and cislunar beacons.
Since the specific recommendations for the beacon designs are subject
to interpretation, a first alternate is also included in the recommen-

dations.

1.2.1 Earth Beacon Recommendations

The recommended earth beacon is a 33-foot-square, flat,
tracking beacon mounted on a tripod and powered by a photovoltaic-motor
system with four drive units to track the selenographic longitude and
latitude of both the earth and sun. This beacon can be built within
the weight and packaging constraints with the desired 0.9C reliability
factor utilizing existing proven state-of-the-art space hardware. Due
to its tracking abilities, which can be modified to track over a wider
field of view than the earth surface to minimize effects of tracking
errors, the beacon requires minimum orientation and permits viewing for
a relatively high percentage of the time compared with static earth
beacon concepts. These advantages more than outweigh the disadvantages
of lower reliability due to the complexities of the photovoltaic-electrical
system.

As a first alternate, three 33-square-foot-area static
beacons can be employed which will meet the weight and packaging require-

ments. These will require careful orientation procedures and may be
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subject to settling into the lunar surface. The primary advantage of

this approach is its higher reliability due to a minimum number of parts,

assuming that the beacons are aligned and stay aligned without difficulty.

1.2.2 Cislunar Beacon Recommendations

The recommended cislunar beacon is an oscillating
faceted arch comprised of four cylindrical segments with a latitudinal
angular width of iﬁ7o. This beacon will oscillate about an axis
parallel to the north-south meridian passing through the beacon site,
at the rate of 8.25 seconds pexr half cycle. The four cylindrical
segments will cover an instantaneous field of view of over 2° in the
longitudinal direction and iQOO in the latitudinal direction. This
beacon can be built within the packaging and weight constraints with
existing state-of-the-art hardware with a one-year operational relia-
bility of 0.90 or greater.

The alternate beacon is a rotating beacon comprised
of three 90-degree arcy cylindrical segments mounted symetrically
and rotated about an axis parallel to the local vertical. This beacon
flashed for 0.1 second once every 22.6 seconds to a minimum 27 stera-
dian field of view, utilizing a photovoltaic-electric motor drive
system. This concept meets the design weight and packaging require-
ments, Lts major disadvantages are its short flash time and its
slight inefficiency in reflecting some rays into the lunar surface,
i.e., greater than2n steradian field of view under all but the least
optimum sun angle positions.

These two beacon recommendations have assumed that
the beacon is more useful as landing and navigational aid than as a
lunar mapping photographic bench mark., If this latter use proves to
be the most important, either the cap or the oscillating cap should

be considered.
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1.2,3 Design Specification

Consideration should be given to the following alter-
native beacon design changes to improve the probability and frequency
of beacon detection.

1. Increase allowable weight and packaging volume.

2. Decrease detection range.

3. Decrease area factors of safety.

4, Use larger aperture cislunar camera systems.

5. Increase the number of photographs, i.e., increase the
percentage overlap between photographic frames, over the
beacon site.

6. Tailor the beacon field of view to the probable range of

orbit heights, descent approach angles, and solar coordinates

for the specific missions which will utilize the beacon.,

1.2.4 Orientation Program

Maximum value can be derived from the beacon orien-
tation computer programs by the revision of several subroutines and
the incorporation of JPL's ephemeris tape data within the present
programs. This additional work would require 200 hours of Dr.
Kalensher's time, 200 hours for a programmer, and $1,000 of computer
time. For this, NASA would receive the revised computer program card
decks, illustrative examples to check the programs, sample calcula-
tions and printodts, and a brief explanation of the card decks. This

effort can be completed within two months after initiation.
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2. SUMMARY

This report covers the first of two phases of lunar beacon instru-
ment development. This first phase completes the conceptual and engi-
neering feasibility design of two types of solar reflecting beacocns
emplaced by early Apollo lunar landing missions. Phase II will encom-
pass the preparation of detailed design specifications and engineering
drawings.

The beacon, to be viewed from earth, has 20-pound weight and o:e-
cubic-foot volume design limitations. Another, the cislunar beacon.
will be visible to an astronaut in the command module orbiting the
moon at a 200-nautical-mile maximum altitude at a maximum slant rangc
of 400 nautical miles or to astronauts in the descending LEM. This
beacon has 5-pound weight and 0.25-cubic-foot volume design limitatic s.
Common design specifications include a one-year operating life, 0.90
reliability, and 23~inch maximum packaging dimension.

The beacons will be detected both visually and photographically.
Visual recognition can be readily achieved by a continuous signal or
by short or long duration flashes. Visual navigational sightings and
photographic detection are best accomplished with long flashes or a
continuous signal. Any type of signal is appropriate for visual de-
tection, though flashes may be more readily detected.

2.1 Specular or Diffuse Beacons

.Oriented specular flat beacons are 4.65 x 104 times more
efficient on an area basis than a diffuse flat. Diffuse spher-:s are
2.67 times as efficient as a specular sphere, on an illuminanc-:-to-
area ratio, under optimum reflecting and incident angles. Howrver, a
specular sphere is more efficient than a diffuse sphere on an <llumin-
ance-to-weight ratio under all incident and reflected angle cecrlditions.

For these reasons, plus the extensive studies by and for NASA .u similar

N~
]
—
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diffuse beacons, only specular beacons were studied in detail in this
program.

2.2 Beacon Concepts

All the beacon concepts relate to a spherical beacon shape--
either as complete or segmented sections of a sphere, faceted or cylin-
drical segmented approximations to these sections, or miscellaneous
approximations in both static and dynamic modes. A classification
system is defined and illustrated for each general section type.

2.3 Beacon Area, Viewing Time, Field of View, and Flash Frequency

Beacon areas were calculated using accepted photometric tel-
escopic and photographic calculation methods plus assumptions which
were more realistic than used in earlier beacon area calculations.

The resultant beacon flat areas and equivalent spherical diameters

were 1.1 x 1072 £t? and 50.5 ft for cislunar and 33 ft? and 2790 ft

for earth beacons. These represent photographic and visual detection
factors of safety of 2 and 7.2 for the cislunar and 11 and 10 for earth
beacons respectively based on the various assumptions made.

It is impractical to fabricate spherical sections within the
weight and packaging specifications which will cover the fields of
view required to produce a continuous beacon signal to either the
earth or cislunar space. Therefore, if a wide field of view is re-
quired, the continuous beacon signal must be sacrificed and a flaéhing
signal tolerated. The length and frequency of the flash will depend
upon the beacon field of view, the motion of the beacon, and the posi-
tion of the observer. Generally, the beacon field of view depends on
the reflective area which, in turn, is proportional to the total pack-
age weight assigned to reflective area. The choice of a particular
beacon design will depend heavily on the type of detection which has the
highest mission priority.

2.4 Materials
The proposed beacons will utilize space-qualified metals,

plastics, and plastic metal composites with high structural reliability,
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specific strength, specific rigidity, and environmental resistance.

The proposed concepts rely heavily on aluminum and Kapton plastic.

2.5 Orientation
Orientation requirements have been defined and basic pro-
grams computed relative to beacon orientation accuracy, orientation

angle calculations, and signal viewing time.

2.6 Drive Mechanisms, Power Systems, and Bearing Seals

Various drive mechanisms including electric and clock motors,
bi-metallics, and solar wind are summarized together with the power
systems which might be considered for dynamic beacons. Space-proven
photovoltaic systems are the most promising. However, thermal-

mechanical concepts also appear attractive.

2.7 Reliability
Reliability, herein defined as the probability of the beacon
meeting its design specifications after a one-year lunar operating
life, is primarily dependent on the erectability, orientation, dura-
bility in the lunar environment, and the dust problem during LEM
ascent. The prelaunch, launch, and translunar environmental phases

should not affect the reliability of any of the beacon concepts.

2.8 Beacon Concepts

Several beacon concepts are described for both the earth
and cislunar beacons. The recommended flat tracking earth beacon was
chosen primarily for its high percentage of viewing time, ease of
erectability, lack of orientation requirements, and ease in dust pro-
tection. 'The high rated cislunar segmented arch and cylindrical seg-
ment dynamic beacons were chosen on the basis of a wide field of view,
high flashing frequency, minimum orientation, high durability of metal
panels or foils, and ease in dust protection. If photographic detec-
tion receives major emphasis, the flash frequency and duration re-
quirements would change along with the cislunar beacon concept ratings.

Rough estimated costs are included for the various beacon concepts.

6976~Phase I 2-3



3. TECHNICAL DISCUSSION
This Phase I report provides NASA with parametric data relative
to the tradeoff considerations used in establishing percentage of time
beacon signal will be visible, estimated lifetime of beacon reflector
in the lunar environment, cost, weight, volume, and overall feasibility.

The following design constraints have been placed on the beacon

study:

Constraint Earth Beacon Lunar Beacon
Weight 20 earth pounds 5 earth pounds
Package volume 1 cubic foot 0.25 cubic foot
Maximum packaging 23 inches 23 inches

dimension
External power source Only solar energy Only solar encrgy
Minimum operating One year One year
lifetime (self-contained) (self-contained)
Reliability® 0.90 0.90
Environmental Environment speci- Environment speci-
criteria fications for fications for
Apollo scientific Apollo scientific
equipment equipment

The beacons will be emplaced within a corridor %5 degrees latitude
by +45 longitude and will be considered to be viewed under full moon
background brightness.

This section discusses the various details associated with con-
ceptual designs and the engineering feasibility of both types of solar
beacons including:

1. Comparison between specular and diffuse beacons
2. General concepts for static, rotating, and oscillating

reflector rays

*
Reliability refers to the probability of receiving a detectable signal
from the beacon within the design field of view after one year of
operation.
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3. Beacon size, viewing time, observation, frequency, and
field of view

4. Materials

5. Orientation

6. Drive mechanisms and power systems

7. Reliability

8. Conceptual design including cost, weight, volume, and

feasibility analysis

Various detector-instrument combinations for the earth and lunar
beacons are listed in Table 3-I. Photographic detection presents a
much more difficult beacon design problem than visual detection espe-
cially in the case of the cislunar beacon. The proposed lunar carto-
graphic cameras will take a square format picture representing a field
of view of 74 degrees across the flats and approximately 94 degrees
across the diagonals. This means that the maximum field of view of
the beacon for photographic purposes should be +47 degrees about the
local vertical to encompass all probable camera positions that could
detect the beacon. On the other hand, visual landing recognition from
the LEM requires only that the beacon reflect into the T steradian
solid angle pointed in the positive increasing longitudinal direction
as shown in Fig. 3-1. Visual navigational updating requires that the
beacon signal reflect into the entire 2TT steradian field of view sur-
rounding the beacon.

Optimum beacon flash times will also vary with each of these three
cases. In photographic detection, the flash time must be long with
respect to the shutter speed to insure that sufficient photons from the
beacon strike the photographic emulsion. A short flash signal may not
be detected. For example, if the camera shutter speed is 1/50 second,
if the flash duration is 0.1 second; if a minimum of 1/50 second is re-
quired for detection; and if the camera views the flash when the photo-
graph is taken, then the probability of detection is 0.6 for a picture
taken within the O to 0.1 second flash time period. 1If the flash dura-

tion is increased to 1.0 second then the probability increases to 0.96.
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The percentage of flash time within the maximum +47 degree field
of view should be high in order to increase the probability of photo-
graphic detection. The percentage of flash time within the maximum
+47 degree field of view can be increased by any of the following
methods :

1. Increase the beacon instantaneous field of view by either:

a. Decreasing the area factor of safety.

b. 1Increasing the weight limitations and therefore the
total area.

c. Decreasing the range.

d. Designing the beacon for use at less than maximum
background illumination.

2. Increase the percentage of beacon flash dwell time within
the £47 degree field of view by programming the angular
oscillation velocity so that a major portion of the cycle
time is within the +£47 degree field of view.

3. Decrease the total beacon field of view thereby increasing

the percentage of time within the 47 degree field of view.

For visual landing recognition from the LEM vehicle, the beacon
flashes can be short in duration (0.1 second or less) as long as the
photon intensity from the flash is above the minimum detectable illumin-
ance. The flashes should be frequent enough, however, to permit
multiple beacon sightings within the landing time span and thereby
improve the detection probability.

The use of the beacon as a visual navigational updating marker
may require large enough flash times so that the Command Module sextant
can be carefully aligned with the beacon flash. This alignment may
require several seconds of flash time to permit accurate navigation.
This requirement may dictate a relatively slow oscillating or rotating
beacon if beacon motion is employed.

The factors which affect the beacon field of view and beacon flash

times will be discussed in more depth in Subsection 3.2.
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3.1 Comparison Between Specular and Diffuse Reflectors

Reflectors are characterized by two different surface
characteristics specular and diffuse reflectance. The photometric
analysis of lunar-emplaced solar specular or diffuse reflecting beacons
is discussed in Appendices A and B respectively. Table 3-1I summarizes
the comparison of various optical and physical characteristics for
specular and diffuse reflectors.

The illuminance from a flat specular reflector is 4.65 x 104
times more intense than a diffuse flat of equivalent area and reflect-
ance when the phase, incident and reflected angles are all zero degrees.
However, for spherical reflectors the diffuse reflector has a reflect-
ance advantage for phase angles less than or equal to,]83| degrees of
arc. The attractiveness of the diffuse sphere over this range of phase
angles has been a major factor in the design considerations for a Lunar
Landing Aid to be emplaced by the Surveyor Vehicle. However, the
attractiveness of a diffuse reflector decreases rapidly when one con-
siders the strength, weight, and environmental resistance penalties
which must be applied to diffuse surfaces. The weight of the diffuse
layers is almost equal to the substrate weight for balloon (or balloon-
erected) designs. Also, diffuse surfaces have a specific strength
almost an order of magnitude less than specular reflecting layers. In
addition, diffuse surfaces made with organic binders probably will
exhibit much greater losses in reflectance than specular metallic
surfaces.

Since a cislunar spherical diffuse beacon would weigh almost
10 times the cislunar design weight limit; since diffuse beacons have
been studied in depth by NASA as a lunar landing aid to be emplaced by
the Surveyor, and since the illuminance from a small diffuse spherical
cap is much less than from a specular cap, only specular beacons have

been studied in detail during this program.
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3.2 Basic Beacon Concept Classifications

Before considering the detailed analysis of beacon size,
viewing time, observation frequency, field of view, and conceptional
design concepts, the basic beacon geometry classifications will be
discussed. Beacon designs can be classified into static and dynamic
categories with spherical, faceted spherical approximations, and
miscellaneous subcategories. Figure 3-2 gives classification numbers
for various beacon geometry types. These will be of value in compar-
ing different types of beacon designs.

The various spherical segment alternates show different ways
to reduce the total spherical area while maintaining a large field of
view (or field of reflection).

The faceted approximations use multiple flat or cylindrical
segments to project the reflected beacon signal to a large field of
view. If each facet is inclined <0.00464 radians with respect to each
other, the reflected signal will appear to be reflected continuously

from a spherical surface. Therefore, these faceted approximations can

be used in the same manner as the spherical shapes. Faceted approx-

imations are usually easier to package. The miscellaneous static

category includes such concepts as an umbrella-type reflector, etc. ‘
The dynamic spherical beacon concepts use either spherical

or cylindrical segments plus rotation, oscillation, or solar tracking

modes of motion to approximate a spherical or spherical segment surface.

3.3 Beacon Area, Viewing Time, Observation Frequency, and Field
of View

The variables affecting beacon area, viewing time, observa-
tion frequency, and field of view factors are listed in Table 3-III.

These factors will be discussed in the subsections below. ‘

3.3.1 Beacon Area Analysis

Beacon area analyses for specular and diffuse reflec-
tors are listed in Appendices A and B respectively. Due to the weight

and area penalties for diffuse beacons, as discussed above, the Phase I

effort has concentrated entirely on specular beacon design concepts.
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Table 3-IV summarizes the minimum beacon areas cal-
culated for photographic and visual observations from earth and cislunar
orbit. The minimum design areas were calculated using a 3.18 multi-
plication factor for the Tiffany data which represents contrasts for
50-percent probability of detection. Low multiplication factors have
been questioned. Therefore, the areas calculated when this factor is
10 X and 100 X Tiffany data (310 and alOO) have been tabulated also for

comparison. The factors of safety, FS, based on the calculated, design,

and minimum design area (a, agy and a d respectively) are also shown
where: a a
md
FS = — or —
a a

Recommended design areas for the beacons, ag, for zero degree phase
angle detection are also presented based on arbitrary safety factors
of 2 for the earth-photographed beacon, 7.2 for the earth-visually-
detected beacon (using 10 to 60-inch telescopes) and 11 and 10 for the
cislunar photograph and visual beacons. These factors of safety will
increase by almost a factor of 10 as the phase angles approach +90°,
Correspondingly, telescopic seeing conditions may grow poorer by a
factor of o/ 10 if the phase angles approach +90° or the beacon design
areas could be decreased by a factor of 10.

The photographic factors of safety are different from
the visual factors of safety, FS, because the factors of safety were
assigned so that the beacon size is the same for both photographic and
visual detection. The FS for the earth-photographed beacon is rela-
tively low compared to the cislunar-photographed beacon FS because low
photographic area was chosen to permit a design solution within the
packaging limitations. Multiexposure and electronic image enhancement
techniques are available to improve the detection probabilities of
photographic techniques whereas visual observations, Being less objec-
tive, require a greater FS.

Even 1if the Tiffany 50-percent detection factor multi-

plier should be 100, the design areas for visual detection have a factor

6976 -Phase I 3-11
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of safety of 2 (i.e., twice the area required). The photographic beacon
areas, assigned the same design values as the visual beacons, have a FS
of 2 and 11, respectively, for earth and cislunar detection.

The effect of good seeing requirements, particularly
for terrestrial photography, is discussed in Appendix A.

Based on these large cislunar safety factors, omni-
directional spherical caps or lunes would require a spherical diameter
of 50.5 feet. This is impractical, considering the tight weight toler-
ances. Therefore, since the beacon diameter varies as the square root
of the beacon area, VE?, or as the detection range, R, consideration
should be given to the reduction of the factor of safety or the range
over which the beacon is visually sighted or to increasing the weight
constraints.

A greater factor of safety seems to be essential for
visual sightings, as opposed to photographic, since there are more
uncertainties about the visual contrasts used. The tradeoffs between
diameter, weight, and factors of safety will be discussed in conjunction
with the beacon concepts.

The beacon design areas cited above and in Table 3-1V
are much larger than earlier area calculations found in the literature.
Depending on the FS and contrast values used, the areas are equal to or
less than some related current beacon calculations. The variations in
the values cited herein and other past and current computed sizes are
due to such factors as:

1. Lunar background assumptions

2. Limitations of seeing conditions on resolution angle and
the choice of resolution angle for computational purposes

3. Telescope magnification factor and its interrelationship
with seeing conditions.

4. Range

5. Telescope transmission

6. Atmospheric transmission

7. Choice of beacon reflectance

The effect of these is explained in Appendix A.
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0f the above seven variables, all but the range and
telescope transmission vary with time. The lunar background varies
cyclicly; the beacon reflectance is a decaying function, and the reso-
lution angle, telescope magnification, and atmospheric transmission
are interrelated factors which vary statistically from hour to hour and
night to night in a general yearly cycle basis. Instead of arbitrarily
choosing a given value for each of these time-dependent variables, a
time function could be applied to the cyclical and decaying functions
and a probability function to the other variables. These could all
then be integrated to yield a time-dependent probability of detection.
Such an expression would be complex and expensive to develop. However,
the resultant calculations would give a more realistic concept of
beacon detectability than when using arbitrarily chosen values such
as have been listed in this report. Despite the arbitrary choice of
values for many of these values, the beacon areas calculated appear
conservative.

3.3.2 Beacon Area, Viewing Time, Observation Frequency
and Field of View

The variables affecting beacon area, observation fre-
quency, and field of view are shown in Table 3-V. It is desirable to
obtain a maximum field of view for a given beacon area. Either a sphere
or hemisphere will give the desired large field of view. However, each
of the structures is inefficient in its use of reflective area. If one
is willing to increase the orientation specifications for a given beacon,
the beacon field of view can be maintained while decreasing beacon area
up to a certain point. The concepts of spherical arches and caps
efficientiy provide a large field of view with minimum area. Figures
3~3 and 3-4 list the beacon areas for the arch and cap-type beacon
concepts as a function of the fields of view that are attainable.

The cap can be closely approximated by a series of flat
facets to simulate the continous reflected signal which is attainable
from a spherical surface. The half angle of the field of view attainable

from a flat reflector, having the required design area, is equivalent to
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TABLE 3«

VIEWING TIME, FIELD OF VIEW Al

FOR VARIOQUS BASIC E

Viewing Time
Fraction of Calen
Beacon Type Beacon Visible fro
Classification Field of View
Number FOV = Earth Observaticn Cislt
Name (see Fig. 3-2) Field of Reflection (single point) from
Sphere 1.1.1 4 steradians 1.0
Hemisphere 1.1.2 27 steradians 1.0
Lune 1.1.3 23" steradians max 1.0 if 8 = 8°
~2 -
Cap L.1.4 =—— steradians max 1.0 if v 2 5—
Arch 1.1.5 )
+4Y latitude 8 selenographic 1.0
latitude
, L0 . 0 .
+45° longitude +90 selenographic ~
longitude
£47° latitude 21 steradians -
+£90° longitude
+47%~1atitude 49 steradians -
+6° longitude
-4 .
N facets 1.2.3 NX7.13X10S i Nx1.1x10 = ~ Nx
steradians i Nx29 min/yr max
Rotating 90° 2.1.3 21 steradians ay
cylindrical segment 3 P
earth hemisphere c
Oscillating +47° 49 steradians a,
cylindrical segment B —_
+ § oscillation earth arch
N-flats rotating 2.2.3 4 steradians ay
about 2 axes "
a
earth sphere

%

3] =

rps ©r cps = rola

£O76=Phase L

4

Loles per second = 0.1

s Q)

angular measurement; lune width; cone half angle, arch length from arch
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v

D OBSERVATION FREQUENCY

EACON CONCEPTS

lar Year
yr Random

mar Obscrvation
2171 steradian FOV

Obsecrvation
Frequency
within FOV

Orientation Requirements

1.0
1.0

1.0

- max

,.135xlO_5 max

ab

-slunar hemisphcre

a

a ,
cislunar arch

a
b |

a ;
ciglunar sphere

continuous
continuous

continuous

continuous

continuous

continuous

continuous

1 < .1 sec

flash in 1/*

rps seconds

2 < 6.1 scece
flashes in
ki

1/cps sec

N < 0.1 sec
flashes in
l/(rpm1 X .
rpsz) sec

renterline; oscillation angle

teld of

Jlew

T

none
Axis of symmetry in lineé with local vertical

Longitudinal axis of lune parallel with lunar
latitude; axis of symmetiry of lune oriented to
mean solar selenographic latitude

'Attain maximum ficld of view by pointing axis
of symmetry at the biscctor of the angle de-
fined by local verticaliand moon-sun axes

|
a. Longitudinal axis of arcl parallel with
lunar latitude axis of symmetry pcinted
to mean solar selendgraphic latitude

b. Same as above

¢. Same as above

Accurate orientation required for specific
ecarth detection point

o . ;

Y0~ cylindrical segment rotated to torm an
hemispherical approximation; axis of rota-
tion parallel with the local vertical

Axis of oscillation is perpendicular to the
axis of symmetry and parallel to local latitude
for earth detection; parallel to local meridian
for cislunar case

3=
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the half angle of the solar disc or 0.00464 radians. To attain a con-
tinuous signal over a greater field of view, additional facets must be
located with respect to the first facet such that the separation angle
between facets is equal to half the solar angular subtend at the moon,
0.00464 radians; therefore, two flats can be seen twice as long as a
single flat. Similarly, additional flats can be combined such that the
series of facets approximates a spherical surface., Alternatively, the
facets can be approximated by a spherical cap having a diameter, ds’
which can be calculated from the solar angular subtend, &, and the
required flat surface area, a, such that dS = g V/%—' The field of
view and, therefore, the total time which such a spherical beacon can
be seen will depend upon the angular dimensions of the spherical cap.

Since it is impractical to make either the spherical
or the hemispherical beacons within either the earth or cislunar weight
constraints, the maximum field of view cannot be achieved within the
weight limitations without either increasing the complexity of beacon
orientation problems or reducing the beacon signal viewing time. Re-
ducing the beacon signal viewing time means that a flashing signal must
replace a continuous beacon signal. The minimum required area for the
earth beacon is a spherical arch +4° wide and £45° long and 2790 it
in diameter. Such an arch will continuously reflect solar rays to the
earth throughout each lunar month over the maximum variation of the
librations of the moon with respect to the earth, if aligned with its
longitudinal axis parallel to the lunar latitude.

Since the selenographic latitude of the sun varies by
less than i2o, a cislunar beacon arch #47° wide and 90° long, located
with its iongitudinal axis parallel to the lunar landing site latitude and
its axis of symmetry pointed to the median solar selenographic latitude,
will continuously reflect to the hemisphere defined by the local horizon.
Similarly, if the mission time is known, then only a spherical cap +45°
in every direction, with its optical axis pointed at the bisector of the
angle defined by the local vertical and the moon-sun axes at the mis-
sion time will be sufficient to cover the entire hemispherical field

of view bounded by the local horizon at the beacon.

6976-Phase 1 3-18



It is shown by the above examples that by increasing
the complexity of beacon orientation, that the maximum field of view
can be maintained, even with beacons of decreasing area. Similarly
rotating beacons can retain the same field of view at a sacrifice in
viewing time. The smaller the beacon size for a specific concept, the
less frequent will be the beacon flashes to a given portion of the field
of view.

Figure 3-5 shows the viewing time which an orbiting
vehicle sees the beacon site for 100 and 200 nautical mile orbits for
various fields of view which are symmetrical about the local vertical.
The maximum viewing time is 16 minutes; therefore, the flash frequency
of flashing beacons should be as short as possible. This would result
in a large number of flashes per unit time which would increase the
chances and, therefore, the probability of detection. Note that the
maximum time per orbit for viewing the beacon site, about 16 minutes,
is similar for both the 100 and 200 na:
nautical mile slant range limitation. This similarity arises becausc
the field of view for the 200 nautical mile orbit is much less than
that of the 100 nautical mile orbit because of the 400 nautical mile
slant range limitation, The resultant arc lengths divided by the
respective orbit velocities of 5000 ft/sec and 5220 ft/sec, for the
200 and 100 nautical mile orbits, gives the similar viewing times.

For equivalent longitudinal fields of view which are
symmetrical about the local vertical, the total view time for the 100
nautical mile orbit is 0.5 that of the 200 nautical mile orbit. As an
approximation, the view times for any other orbit heights for a given
longitudinal field of ;iew, th,e’ can be approximated by the relation-
ship th,e = tZOO,e X 300 where t200,e is the 200 nautical mile orbit
and h is the orbit height in nautical miles. The number of flashes
visible during the one-orbit pass, N, are related to the time, th,e’
and the flash frequency, f, by the relationship N = th,ef‘ Therefore,

the flashes visible in any orbit can be increased by either varying
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the orbit height, beacon field of view, flash frequency or the orbit
velocity as in the deceleration prior to the LEM descent.

The relationships between area and beacon flash will
be discussed in greater breadth under the discussion of specific beacon
concepts.

The accuracy of the beacon surface will affect both
the beacon field of view and the required area to produce a given
signal intensity. In many types of flat designs it may be more advan-
tageous, from a weight standpoint, to accept the optical sag due to

gravitational effects than to provide the rigidity necessary to minimize

S = %E’ wvhere r is th

d
ture; the edge slope correspondingly is ar =

distortion. Using a paraboloidal sag approximation where the sag,
e

mirror radius and R the mirror radius of curva-

therefore, the allowable

L

1 ,dS
mirror sag is ; =3 (a;). Assume that the maximum error in mirror flat-

ness is *1 minute of arc, then the flatness tolerance would be *0.000147

A rim error of *1 min. in flatness would require an
area increase of 17.5 percent to insure the required beacon intensity.
Correspondingly, the area increase for any other rim angular error

would be

2
<1+2.67|6[)_1

0.00928

where 6 is the edge error in radianms.

Since a torus rigidized flat is attractive from a weight
standpoint, the tension, T, the film thickness, t, and lunar density, o
are plotted for various square areas, A, as a function of the maximum
angular error on the flat in Fig. 3-6. From this, the maximum tension
required to keep a 33-plus square foot earth beacon optical flat
accurate to within 1 minute of arc would be 68 pounds, which can easily
be attained with an inflatable torus.

The angular positions of the LEM or CM vehicles as a

o
function of altitude at the *5 latitude mission corridor walls with

6976 -Phase 1 3-21
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respect to a beacon located on the lunar equator are shown in Fig. 3-7.

This indicates that, as the lunar orbit altitude increases, the required

angular subtend of the arch required to reflect to the vehicles, decreases

and will be equal to iigéégl degrees. For a 50-nautical-mile orbit, this
means that the arch need only be +33° wide as compared with a basic
design of +47°.

Figure 3-8 shows the effect of increasing orbit alti-
tude on the viewing angle for a fixed slant range as measured in the
same latitudinal plane as the beacon reflector. If the mission alti-
tude were 200 nautical miles, then a minimum of «, or 200, could be
cut from the 180° length of the reflecting arch and the reflector would
still maintain the desired field of view. By limiting the phase of
the moon at which the beacon is observed, the beacon dimensions can be

reduced still further.

3.4 Materials

Beacon materials can be chosen from a wide range of ceramics,
metals and plastics. However, the environmental and design constraints
limit the logical material choices to plastics, metals, and metal-
plastic composite structures. Due to the severe design weight con-
straints, and therefore the necessity for lightweight beacon designs,
the materials chosen should have high specific strength and specific
rigidity in the thin foil thicknesses and lightweight sections.

Table 3-VI summarizes many of the materials which can be chosen for
beacon construction.

Of the plastic materials, DuPont's 'Kapton' type H film has
superior temperature and structural properties. Of the metal foils,
aluminum is the most desirable. However, electroformed nickel can
achieve slightly higher specularity and will resist micrometeoroid
attack better than aluminum. |

Micrometeoroid mirror attack has been correlated with the
density of the mirror material, the specific heat of the mirror material,

the temperature difference between the mirror melting point and ambient
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mirror temperature and the latent heat of fusion of the mirror material.
These physio-thermal properties favor a nickel reflector surface for
minimum micrometeorite damage. However, aluminum reflector surfaces
will yield greater net reflective area per unit weight even after micro-

meteorite damage.
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3.5 Reflector Orientation Studies

3.5.1 Purpose of Study

The purpose of the reflector orientation study is
sevenfold:

1. Determine the orientation angles (yo, co) of the reflector,
relative to the moon's surface, which enable the reflected
light to strike a given point on the earth's surface at a
specified time.

2. Determine the path [e(t’), ©(t‘)] of the reflected light
across the earth's surface, for a given orientation of the
mirror.

3. Determine if the reflected light from the fixed mirror
intercepts the earth in succeeding months.

4. Determine the times (tmi) that an observer on earth enters

and leaves the cone of reflected light, or merely enters or

5. Develop a method (i.e., mechanical device) for orienting
the reflector on the moon's surface.

6. Determine the perturbed path of the reflected light on the
earth's surface due to errors in the orientation of the
reflector by the astronaut.

7. Determine the orientation of the mirror which allows thé
reflecced light to intercept the Apollo vehicle orbiting

the moon.

3.5.2 Completed Tasks

Ttem 1

The computation of the reflector orientation angles
Yo» 9, requires the use of Programs I and II (refer to "Schematic of
Computer Program', Fig. 3-9) plus the values of i(t), A(t), Q{(t)

(orientation angles of moon relative to earth), and X , Y , Z ;
em’ “em’ “em
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Xse’ Yse, ZSe (position coordinates of moon relative to earth, and
earth relative to sun) at one or one-half day intervals. The latter
six coordinates will eventually be obtained from the JPL ephemeris
tapes. For the purpose of early machine computation, these six
coordinates have been obtained (at one-day intervals) from the 1962
edition of the American Ephemeris and Nautical Almanac. Programs I
and II, along with i(t), A(t), Q‘(t), have been programmed on the
EOS IBM 1620 digital computer (refer to appendix) and values of

Yo %% have been obtained. The results of a sample calculation are
shown on pages 15 and 17 of the September monthly report.

JPL has promised to provide EOS with the earth's
and sun's selenographic coordinates (ue, é and o é, respectively)
at one-day intervals for the years 1965-1980. If we make use of
their results, then that part of Program I which calculates these

coordinates can be eliminated.

Item 2

The computation of the path @(t’), ¢(t‘) (= longi-
tude and latitude, respectively, of the axis of the reflected light
cone) of the reflected light across the earth's surface requires the
use of Programs I and IIIL, and the values Yo Opt Program III (refer
to appendix) has been put on the digital computer and values of
®(t‘), &(t‘) have been obtained. The results of a sample calcula-

tion are shown on page 17 of the September monthly report.

Item 3
. In order to learn if the reflected light from the
fixed (i.e., Y,» O, are fixed) mirror intercepts the earth in succeed-
ing months, the computation of @, ¢ would have to be initiated each
month, at a time when the relative positions of the earth, moon, and
sun would seem favorable for such an interception. The computation
would continue until the reflected light no longer shone on the earth,
or until it was clear that this light would not intercept the earth.

This computation has not been done.
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Item 4

The computation of the entrance and exit times i
(m identifies the observation station; i = 1 signifies entrance, i = 2
signifies exit) of an earth-bound observation station into and out of
the reflected light cone, requires the use of Programs I and VII, the
values of ®(t‘), ¥(t‘), and the coordinates of the station(s) @m, ¢m.

Program VII was put on the digital computer and an initial attempt to

generate the tmi was unsuccessful, due to the use of cosH,, instead

1

of sinH1 (refer to appendix). The desired Program VII is given in
the appendix, but it has not yet been programmed on the digital

computer.

Item 5

According to the scheme devised by B. E. Kalensher
for orienting the reflector on the moon's surface (refer to pages
14-15 and pages 20-23 of the September and October monthly reports,
respectively), a knowledge of the four angles ¥, B, [, € is required.
The computation of y, B requires the use of Programs I and IV and the
values of Yoo Ogo 0, ¥ (6, » = longitude and latitude, respectively,
of reflector on moon), and the computation of {, £ requires Program
IV(A) and the values of ¥, B. Program IV (refer to appendix) has
been put on the digital computer and values of Y, B have been obtained.
The results of a sample calculation are given on page 15 of the Sep-
tember monthly report. Program IV(A) is given in the appendix, but

it is not yet programmed on the digital computer.

Item 6 '

The perturbed path, ®(t‘) + A0, ®(t‘) + Ab, of the
reflected light on the earth's surface can easily be determined by
introducing perturbed values Y, + Ayo, o, + Aco into Program III.
Since the reflected light will move a distance of approximately 7200
n.mi. across the earth's disc per degree change in Y, OF 0, we see
that Ay, and Ao must be less than 3440/7200 deg. = 0.48 degrees. A

calculation of the perturbed path has not yet been made.
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Item 7

The computation of the mirror orientation angles y, ©
which enable the reflected light to intercept the module orbiting the
moon, requires the use of Programs I and VI and the position coordi-
nates of the module, x'(t), vy (L), z‘(t), measured in the orthogonal

. ’ ¢ ¢
coordinate system X , y , Z

fixed in the moon. The computation of
the angle, M, between the reflected ray and the radius vector from the
reflector to the module requires the use of Programs I and V and the
instantaneous orientation angles, y', of. Programs V and VI (refer

to appendix) have been programmed on the digital computer, but values

of y, 0, M have not yet been computed.

3.5.3 Conclusions and Recommendations

The computer program shown in Fig. 3-9 should be
able to solve all of the geometrical problems associated with the
proper orientation of the moon-based reflector. Although it was
originally intended for the reflector to have a fixed orientation
Yoo oo, the computer program is quite able to determine the time-
dependent angles y(t), o(t) which would enable the reflected light
to continuously strike a specified point on the earth's surface, or
continuously intercept the Apollo vehicle orbiting the moon.

If future studies reveal that the reflected light,
does not intercept the earth in succeeding months, then it may become
desirable to drive the mirror with an elementary servomechanism. The
use of a servomechanism seems particularly appropriate for the reflec-
tor whose light must intercept the module orbiting the moon.

In the near future, it may become desirable to estab-
lish communications between a space probe going to Mars or Venus and
a point on the moon's surface. Communicating by means. of a laser beam
would be especially appropriate over these long distances. The correct
pointing direction of the laser beam could readily be determined from

the present computer program.
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3.6 Power Systems, Drives, and Seals

Any motion imparted to the beacon will have to be initiated
by energy, either external or internal to the beacon system. Various
sources of power are given in Table 3-VII along with ratings for each
system. Despite the complexities of a photovoltaic system, the suc-
cesses of photovoltaic power systems in space still rate this as the
leading space power system today. Though photovoltaic systems have
been described for many dynamic beacon concepts, thermal-mechanical
drives can be readily substituted for the photovoltaic system in some
design concepts.

Table 3-VIII describes various drives that can be used with
dynamic beacons. Though the ac motor drive is listed with the highest
rating, recent developments with brushless sealed dc motors indicate
that a dec drive is almost as reliable as an ac drive. Figure 3-10
depicts a typical thermal expansion drive with a clock motor. Figures
3—11, 3-12, 3-13, and 3-14 show various proven methods for sealing
bearings from the high-vacuum enviromment including the harmonic drive,
labyrinth seal, and hermetically-sealed bellows approaches. Sealing
bearings by any of these methods should present no design or reliabil-

ity problems.

3.7 Reliability
The reliability of the lunar-emplaced solar reflecting
beacon will depend upon the following factors:
1. Erectability
2. Orientation
3. Durability in the lunar environment
4

. LEM ascent dust protection

3.7.1 Erectability

Beacon erectability is primarily dependent upon the
mobility of the space-suited astronaut. Stooping and bending move-

ments will be difficult because these operations reduce the volume of
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the pressure suit. These movements will require a definite exertion
to counteract the changes in the pressure suit, particularly since

the low lunar gravity reduces the effective weight of the astronaut

in the bending process. The manual dexterity of the suited astronaut
will be equivalent to when one wears heavy mittens over rubber gloves.
Though the space suit gloves are designed to curve naturally, gripping
small-diameter objects for extended periods will require effort, since
the pressure within the suit tends to restore the fingers to the normal
position. The reduced sensitivity of the gloved fingers will present
problems in handling fragile thin foils or beacon sections. It will
be difficult to lift the arms higher than the head or to hold any
object in front of the helmet face plate.

Erectability is also dependent upon the number of
component assemblies required for the final beacon assembly. Each
assembly operation will require additional time which will vary with
the movements and forces required. High assembly forces may tax the
astronaut and increase the total assembly time. Orientation require-
ments to maximize beacon effectiveness also affect erectability.

Erectability relates to reliability in that a beacon
which can be readily assembled within the schedule without difficulty
will have a high probability of success, and therefore reliability.
Those beacons which are difficult to erect may be left unassembled
if the astronaut encounters difficulties, thus reducing the relia-

bility of the beacon concept.

3.7.2 OQrientation
Primary consideration in the orientation of the solar
beacons is the accuracy of the alignment sighting and adjustments.
The sighting accuracy depends upon the instrument accuracy, the astro-
naut's precision, and the coupling between the alignment instrument
and the beacon structure. The alignment instrument accuracy is depen-

dent upon its optical and mechanical design. The precision with which
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the astronaut takes the alignment sightings will depend upon the
astronaut's training, the relationship between the helmet face plate

and the alignment instrument, the dexterity required for instrument
alignment and manipulation, and the coupling of the alignment instru-
ment upon the beacon. If the beacon does not have sufficient rigidity
to withstand the vibration and shocks attendant with the attachment

and detachment of the aligmment instrument from the beacon, the align-
ment and adjustment of the beacon orientation may be adversely affected.
Beacon orientation will also be dependent upon the number and accuracy
of the beacon adjustments.

The load-bearing strength of the lunar surface may be
insufficient to hold the aligned beacon within the orientation accuracy
tolerances even after using large pads to reduce the penetration within
the lunar surface. The present penetration predictions should be veri-
fied as soon as possible to increase the reliability of the beacon
design and orientation.

If the orientation problem is difficult, time con-
suming, and inaccurate, the reliability of the beacon will be adversely

affected.

3.7.3 Durability in the Lunar Environment

Table 3-IX summarizes characteristics of the lunar
environment. The major potential problem areas in the lunar environ-
ment are the lunar and beacon surface temperatures, the meteoroid and
micrometeoroid impact, ultraviolet and x-ray radiation, the nozzle dust
from the LEM ascent, and the lunar surface bearing strength, as dis-
cussed above,

The lunar temperature range will not adversely affect
the structural materials proposed for the various beacon concepts.
However, the temperature extremes will affect electronic components
and storage batteries. High lunar temperatures will reduce the effi-

ciency of photovoltaic cells as much as 60 percent and may affect

6976-Phase I 3-40



£31a130® aeyos y81y Sutanp oyqrssod sojea
92ue309T 391 aeoL/Ycz-0] fweaSoad Tejusw
~-Taadxa punoad 99,xd LoTSue] ‘ySYN ‘aeak
/SSOT 2°ue310913J81 %] S UOTSO0Id IBIK/Y ~

opniIlIe

uooeaq pue uoljIsodwod pue UIBIAD] [EBIO]
‘o78ue aseud Y3ITM SOSTIBA UODEIQ UO J09IFF
*sorase]d

swos 3zYIpr31a sdyay {ATjueorIruldls peo3oay
-Je 3q Aew SFUTIBRODIDA0 DTIAJDDTSIP pue
or3se(d fweadoiad jejuswraadxa punoald 99, xd
KatBue ‘ySYN £31arssTwa pue K31atidios
-qe uo spuadop ¢sor3seld ‘wa3isfs zomod

Jo warqoad JoIjuod JRWISYJ 93BNJUIDIIE U

S$913TNOTJIITIP u8Isop ou sjuasaig

elep

Ted>TI34[eurR JO SISeBq UO pPIJRWIIS® IAedL/SSO]
20oue399T 391 4z/1 ‘peainbaix ejep 910w €ssofT
aoue3ld9TIaa Y06 o3 dn °3BOIPUT SIS9]
Te3juswraadxs punoald +9,Xd SIMOT ‘YSYVN

swayqoad UOISOII0D TEBOTWAYD ON
S3TJINOTJITP ulIsap ou sjuasaig

sjusuodwod DTUOIIOSTD JO AOBIND

-0oe pue AOSUITOTJJ2 JI[9° IBTOS donpaa
saanjeaadwal Y31y ‘sweayqoad K3ITTIqRANp
sot3seld saajos wyT3F or3seld uojdey

sy aeway

£3TAT30®

~ 3ael3 aeios y3iy

Jo spotaad ur sar3asus
pue Xn13 Iay3Ty A9 ¢
03 G°0 omm\Eo\woﬂ X 7
a8easA® ¢/0°0

utw/Lwd /182 8Z00°0
Zuo/susuny 9°0F 2°GI
utw/ ud/1ed #0°0F 0°¢

Numm\so 2°29T = 8 91°0

poa3eoTpul
23ea1 joedut yjaes z/T

°a yz-4
0%H %LZ-G%
€00 %0L-0S

84 ww 01-9T

Mo001
Ao0LlY
doS F 021
A,S2F 00%

A313ueny

AAVWRNS INTWNOYIANT ¥VNAT

XI-¢ J19VlL

sAey OTwso) IBTOS

sAey oTwsop °T3joeTEH seToT3aed pPadaey)

UoT3eIpPEI OPa|IE UOOK

UOTSSTWD TewIayl Aaeldueld
UCTIBRIPBI 0paqle Aaejaueid

wooom > SAea-xX pA[) aejos§

uoTIRIpPRY

V000E < Jue3suo) Iejos d139udewoa3oaTyd

PI®Td JBUOTIEBITARIY)

SPTOI0339R
uoT3Tsodwo)
aanssaxg sxsydsoway
103097391 WNWIUTK
073097 o1 WNWIXER
JBUNT WOWTUTR
Jeuny WONWIXER aanjeaaduag,
Sutpeoyqns OT3STa230BaRYD

3-41

6976-Phase I



swdTqoad u3TsSap oN

wdTqoad uoI3lrlUSTIO Ijenjusdde Leuw
y3j8uaals Juraeaq moy $Tedsr3oead AyTeorado
219YM 3TqeATSIPp JUIPIOTYS ‘PpozZTWIUTW

9q pInoys so3aeyo =20BJIns f{uoodedq udIsop
s3a1oddns uooraq surwaszsp yazdusais
3utaeaq pue 194BT 3ISNP JO SSOUNOTYL

Sy IeWway

ssnep . 01

peol otweudp 1sd T
Juoraeajauad wo ¢
peoT °13®3S Tsd
/uorjeazsuad wo g

X313Uueny

XIVWHAS INTNOYIANT IVNAT
(P3uod) XI~¢ HIGVI

yj3uea3s SButaeeyg
sfeadg 3sng °1z2O0N WIT
3942001y PICI03aY
UOTI3BITADT

91013aeg padiaey)d

gurpesyqns

PT9Td oT39ulel

SSOWOTY] 3ISnIn
pue 3sng 99eJang

OT3SIao3oedey)

342

06976-Phase 1



electronic components such as photomultiplier tubes. Specific regula-
tion of the thermal characteristics of the components or component
packaging will be necessary to maintain operating temperatures within
desired limits.

Micrometeoroid impact is still being studied in space
probes and ground experiments. Such a wide variation in empirical and
analytical reflectance degradation tests exists, that the estimation
of degradation characteristics of any reflective sﬁrfaces is difficult
to predict. Prediction of the durability of inflated balloons and

toruses and thin-shell, self-rigidized structures is also difficult.

Based on earlier analytical and empirical investigations at EOS, it ap
pears that a reflectance loss of as much as 50 percent per year should
be a conservative figure. The uncertainty in this figure accounts for
the large beacon area factor of safety.

High-energy ultraviolet and proton radiation will also
reduce the surface reflectance. A present ground experiment funded by
NASA/Langley is investigating this phenomena for electroformed nickel

and vacuum overcoated plastic-coated aluminum panels.

3.7.4 LEM Ascent Dust Protection

Methods of protecting the beacon reflective surfaces
from the dust created by the LEM ascent include:

1. Reflector Orientation. If the reflector is oriented suéh

that the reflective surface does not see the LEM vehicle,
then the reflective surface will not receive direct impinge-
ment of dust particles other than those whose trajectory lobs
the particle onto the reflective surface. TIf the beacon is
oriented upside down during the LEM ascent, then no particles
will directly strike the reflective surface. However, this
upside-down orientation is not practical for all beacon

concepts.
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2. Coated Reflector. The reflector surface can be overcoated

with a subliming material which will boil off or evaporate
under the effects of ultraviolet and solar radiation. This
coating will reduce the degradation caused by direct dust
impact and can serve as a gas bearing for the removal of dust
particles on surfaces which oscillate or are steeply inclined.
Such a coating may have little or no value in the remcval of
dust from surfaces which are horizontal.

3. Shields. Smaller beacons can utilize a plastic or foil
shield placed on the blast-off side of the reflector which
can be swung out of the way after the LEM vehicle has de-
parted. Such a shield could consist of a lean-to foil or
plastic sheet which utilizes a camphor plug, mousetrap-type
mechanism as a timing and removal device. The camphor plug
will eventually evaporate. When evaporated, it will activate the
release mechanism.

4. Physical Location. Depending on the mobility of the astro-

naut, it may be possible to carry the beacon package to a
site away from the immediate vicinity of the LEM vehicle.

This preferred site would also improve beacon reliability.

3.8 Beacon Concepts

The beacon concept analysis matrix, Table 3-X, summarizes
various earth and cislunar beacon concepts. Note that some very im-
practical beacon concepts are included for illustrative and compara-
tive purposes. Sketches of the concepts, a discussion of advantages
and disadvantages, and a material and weight analysis are included
as backup material.

Estimated rough costs for the various beacon concepts are
shown in Table 3-XI. Probability of photographic detection analyses

for selected beacon concepts are given in Appendix C.
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Beacon Beacon Beacon
Weight Volume Beacon Area Factorbof
Reference (earth (cubic (square feet)
Beacon Classification Type Figure pounds) feet) | total/effective | Visual Pho
EARTH BEACONS
1.1.1 Sphere 3-15 ~400,000 | ~10,000] 24.5 X 106/33 7.2
3
1.1.4 Cap 3-16 20 1.0 1.1 x 107/33 7.2
1.2.3a Flat (frame & panel) 3-17 20 1.0 (3)* 33 7.2
1.2.3 Flat (torus - stretched) 3-18 19.5 1.0 (12)= 740/33" 7.2
1.2.3 Flat (stretched film) 3-19 29 1.0 (9)* T40/ 1 7.2
2.2.3 Tracking Flat 3-20 18.1 1.0 33 7.2
2.3.2 Sun Pumped Laser See App D| ~20 - 30 ] 1.0-2.0 ? ?
CISLUNAR BEACONS
3
3 X 107/
- 2 2
1.1.1 Sphere 3-15 52.8 1.0 1.1 X 10 10
1.1.4 Cap 3-16 5.0 0.25 | 570/1.1 x 1077 10
-2
1.2.4 Faceted Arch 3-21 5.0 0.25 323/1.1 X 10 10
2.1.2 Oscillating Cap 3-22 5.0 0.25 | 113/1.1 x 1072 | 10
-2
2.1.3 Rotating or Oscillating 3-23 4.8 0.25 ; 4.75/1.1 ¥ 10 ~ | 10
Cylindrical Segment

2.2.5 Oscillating Faceted Arch| 3-24 4.9 0.25 19/1.1 X 10“2 10

T =
w ==

ey

number of duplicate units



TABLE 3-X

BEACON CONCEPT ANALYSIS MATRIX

Beacon Signals
Area it time
Safety per uni e ‘
| lunar day - ’d Length Beacon Field Reflector Beacon
:ographic | minute - min of Signal of View Materials Orientation| Bea
2 Centinuous Continuous & 2~ steradians Al-Kapton-Al | None Non
composite
2 1/7d; once or | 90 min nax :90 min cone Al-Kapton-Al| Yes Non
twice/year composite
2 3 times/year 29 min max | +16 min cone Al honeycomb . Yes - (3) Non
or foil !
2 12 times/year | 29 min max “16 min cone Al-Kapton-Al | Yes - (12) | Non
composite |
2 9 times/year 29 win max | 16 min cone Al-Kapton-Al | Yes - (9) Non
composite
2 Continuous mContinuous} =16 min cone Al honeycomb | Self- Tra
| or foil orienting ear
? Cont inuous Continucus | -1 min cone Al panels - | Self- Tr -
| collector orienting ear
i
11 Cont inuous Continue: | +2- steradians Al-Kapton-Al | None Non
i : composite
. ! PO o
11 Continuous + 7.0 min @ ., “407 cone Al-Kapton-Al | Yes Non
P 200 nm | composite
|
. I L ° . . .
11 Continuous i % ain “13.5 longitude} Al Yes Non
C200 am x #90° letitude
!
. . ' e oo
11 Flashing ~ 0.1 sec :23 cone x Al-Kapton-Al | Yes ; Os.
-~ 1/secc , 40" longitudinal| composite i
. . oscillations
i |
’ i
11 | Flasnine 0.1 sec i 2 steradians Al sheat No Rot
g 1/22.’1 s¢C ! Qo
11 Flashing 0.1 sec 27 steradians Al shieet Yes Os¢
1/8.25 sec

¢<@)



‘ Erection and
‘ Orientation
‘ Power Time
ron Motion Requirements (minutes) Reliability | Rating
2 None 15-30 0.40 6
i
) None 10 0.90 3
E None 15 0.96 2
2 None 30 0.92 4
2 None 30 0.90 5
|
king Photovoltaic 10 0.90 1
th & sun
‘king of Pliotovoltaic 10 0.50-0.9 Unrated
th & sun
!
R None 5 | 0.95 5
' 1
H None 5 0.95 3
|
5 None 20 0.90 4
|
tllatory Photovoltaic or 15 U.385 P
thermomechanical i
iry or Photovoltaic or 10 0.90 2
‘1latory thermomechanical
.1latory Photovoltaic or 10 0.91 1
thermomechanical
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ALUMINUM FOIL

E XAPTOMN
?777777777777727’777/—/'7727777;: .
\'— ETCHED ALUMINUM
FOIL

FIG. 3-15 SPHERICAL INFIATABLE REFLECTOR (1.1.1)
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1.1.

6976-Phase 1

1

Sphere
Advantages

Omnidirectional, 2n steradian field of view
Continuous Signal
Smaller diameter structures of similar design are

space-qualified.

Disadvantages

Weight and volume exceed design constraints by over

4 orders of magnitude, using a structural design
applicable to much smaller beacons.

Sphere of this diameter (2790 ft) probably impractical
to make.

Possibility of failure due to micrometeorite damage is
extremely high.

2 steradian field of view is not necessary for an

earth beacon.
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FIG. 3-16

ALUMINUM FOIL
KAPTON FILM

ETCHED ALUMINUM FOIL

INFLATED REFLECTOR
(SELF RIGIDIZING)

INFLATED TORUS
(SELF RIGIDIZING)

TELESCOPING LEGS

NON-RELECTIVE FILM
(NOT SELF RIGIDIZING)

KAPTON FILM

SELF-RIGIDIZING INFLATABLE CAP BEACON (1.1.4)
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REFLECTOR PANELS

TILT DIAL ROTATION DIAL

TELESCOPING LEGS

FIG. 3-17 FLAT EARTH BEACON (frame and panel design) (1.2.3)
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ALUMINUM FOIL
/ KAPTON
: ETCHED ALUMINUM FOIL

STRETCHED FLAT REFLECTOR

INFLATED TORUS -
SELF RIGIDIZING

TELESCOPING LEGS AND PADS

FIG. 3-18 TORUS STRETCHED FLAT BEACON (1.2.3)
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POLYMIDE TENSION CABLES

STRETCHED ALUMINUM STEADYING STAKES
KAPTON FILM [ =

LALIGNMENT
STAKES (2)

FIG. 3-19

/ TELESCOPING
" - POLE

\
|
%

“

STRETCHED FILM FLAT BEACON (1.2.3)
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EARTH SENSOR

SUN SENSOR

* DRIVER No. 3
DRIVER No. 4
REFLECTOR 70" SQ
DRIVER Na.2 DRIVER No.1
l/
* LINES SUNS RAYS UP WITH & DRIVER 1&2 CONTROLLED BY EARTH
EARTH (OR WITH SENSORS) SENSOR
DRIVER 3&4 CONTROLLED BY SUN
SENSOR

FIG. 3-20 TRACKING FLAT EARTH BEACON (2.2.3)
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2.3.2

6976-Phase 1

Sun Pumped Laser

Advantages
High intensity collimated source.

Beacon signal can be modulated to provide telemetering

information.

Disadvantages

Lunar hardware has not been developed
Present designs probably exceed weight constraints

Detection could be difficult due to small field of view
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FIG. 3-21 FACETED ARCH (1.2.4)
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\ < SELF RIGIDIZED ALUMINUM - KAPTON-
\ \ ETCHED ALUMINUM TORUS

\ \

\ | \ DRIVE MECHANISM

SOLAR CELL LIMIT SWITCH SOLAR CELL PANEL

FIG. 3-22 OSCILLATING CAP BEACON (2.1.2)
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/— REFLECTOR SUPPORT SPOKES

— CYLINDRICAL REFLECTOR
SEGMENTS

ALUMINUM PANELS

FIG. 3-23
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. |
N

) 10

AC GEARMOTOR
SOLAR PANEL

(WITH INVERTER)

ROTATING OR OSCILLATING CYLINDRICAL SEGMENT (2.1.3)
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DRIVE SYSTEM

 REFLECTOR PANELS
/ ALUMINUM SHEET

/ ~ TELESCOPING LEGS

L SOLAR PANELS

FIG. 3-24 OSCILLATING ARCH BEACON (2.2.5)
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APPENDIX A
BEACON PHOTOMETRIC ANALYSIS

1. DETECTION VARIABLES
The reflective area required for the detection of lunar beacons
depends upon the following variables:
1. Background brightness, B

b
2. Beacon reflectance, T

b
3. Sun-moon-instrument phase angle, 6
4. Instrument beacon range, R '
5. Integrated instrument optical transmittance, Tt
6. Integrated instrument angular resolution as a function of
aperture, instrument errors, atmospheric seeing (and for
photographic records of the detector errors), B
7. Atmospheric transmittance, Te
8. Contrasts required for a given detector and probability of
detection, CV - visual, Cp - photographic
9. Lunar beacon location
The following sections describe the analysis required for beacon
sizing, the major variables in detail, representative calculations,

and beacon area recommendations.

2. CAMERA PHOTOMETRY THEORY
With a camera, the field brightness, Bf, is decreased only by the
atmospheric and camera transmittance losses, Te and Tt’ so that the

apparent field brightness, B _, at the detector is

af

Bar = To T B¢ (D

6976-Phase 1 A-1
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But Bf is related to the lunar field albedo or reflectance at 0° phase

angle, a the phase angle reflection ratio for a given lunar location,

f’
KG’ the solar illuminance of the moon, Es’ and n so that

K, a_ E
__8 f s
B, = - (2)
Therefore, from Eqs. 1 and 2
. } Te Tt K6 ag ES 3y
af e
and
E =B gw (4)
where
w= (5)
4 N
where
_f.1.
N = (6)
o
Therefore, from Eqs. 3, 4, and 5,
Te Tt Ke af ES |
Eag = 2 7
4 N

Since the beacon size will be less than the resolution limit of
the detection instruments, it can be considered as a point source
having an image which is a diffractien pattern, 84 percent of the
energy falling into the Airy or first-diffraction disc. The illumi-
nance of the image from a point source, Eab’ is then related to the

incident illuminance, the objective diameter, Do’ focal length,

E
ob’
f.1., the transmittance loss, Tt’ and the integrated resolution limit,

B, by

6976-Phase 1 A-2
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- D -2
[ o

= 0.8 T E T

Eab (8)

Note that the angle, B,bapproaches (1.22 K/Do] for perfect seing where

N 1s the light wavelength. Eob is related to the beacon apparent solid

angular subtend, Q _, the solar solid angular subtend at the beacon, Qs’

b’
and the beacon illuminance, Eb’ and the atmospheric transmittance, Te,
so that
Q
b
Eob " Te QS Eb (9)

but the beacon illuminance is directly related to the incident solar

illuminance, ES, and beacon reflectance, r:

(10)

and the beacon angular subtend is related to the projected beacon
area, a cos9/2 (i.e., the beacon mirror must be perpendicular to the

bisector of the phase angle to be seen) and the range, R, so that:
Q = — (11)

Combining Eqs. 6, 8, 9, 10, and 11

0.84 T T a cosg E r
E - e 't 2 s b (12)
ab Qs RZ BZ N2

The apparent field and beacon illuminances are related to the

photographic contrast for detection, Cp’ by the term

E
C_= = E -1 (13)

697 6-Phase I A-3




By direct substitution of Eqs. 7 and 12 into Eq. 13

3.36 a cosg ry
Cp + 1= 5 2 (14)
Ky ag QS B R
Transposing
2 2
ary i Ky ag QS R® B (15)
(cC +1) A
o] 3.36 cosy,

Note that this relationship is independent of the solar illuminance,
transmittance values, and f/ﬁumber (N), except as they affect the
contrast and resolution values, of the system. In cases where seeing
conditions govern the resolution angle, B, the camera diameter will
only affect the film speed used and the time over which seeing condi-
tions are integrated.

A log-log plot of the area factor, arb/(Cp + 1),versus B yields
a series of straight lines for each phase angle. The visual and
photographic beacon areas are both closely related. Figures 1 and 2
are plots for ranges of 400 nautical miles and 207,000 nautical miles,
earth-moon mean distance, respectively.

Let us now compare visual telescope theory with the above.

3. VISUAL TELESCOPE PHOTOMETRY THEORY

The apparent field brightness of a telescope can be reduced if

the exit pupil, d, is smaller than the eye pupil, de’ which is the
case for astronomical telescopes, by the ratio of their areas, (d/de)2

so that

_ d\2 -
Be =T, T, (d )2 g (16)

which is the same as Eq. 1 when d = de

6976-Phase 1 A-4
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By combining Eqs. 2 and 16

2 K,a_E
8

The apparent brightness of the beacon, Bab’ and the apparent illumi-
nance are related to the solid angle subtended by the eye, w, > after

| magnification, M, of the angle resolved, B, by

‘ b
| Bab = EfL- (18)
l e
E
b
= n_'a—z’ (19)
% (B
Now Eab is related to the incident illuminance, Eob’ and the magnifi-

cation and transmittance by
E =T E, M (20)
By substituting Eqs. 9, 10, 11, and 20 into Eq. 19

]
5 ) Tt Te ES rb a c052 (21
ab n Q 2 R2
4 s B

Now the visual contrast, Cv’ required for beacon reflection is related

to Bab and Baf by

B
C._ = =5 -1 (22)
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Therefore, combining Eqs. 17, 21, and 22 yields

4 a cos% r di
C +1= (23)

2 2 2
Ky ag QS d” B7 R

Recombining and setting &4 = [3.36/0.84)

2

2 2
il rden Koo * P (24)
0.84 (Cv +1)ld ] 3.36 cosg

Note that the right side of the equation is the same as Eq. 15 and
that the left side differs only by the substltutlon of C for Cp and
the field brightness reduction ratio of (d/d ) and the fact that eye
contrast values already integrate the 0.84 Alry disc energy collection
factor. Therefore, with the substitution of the left side of Eq. 24
for the left side of Eq. 15, Figs. 1 and 2 can be used for both photo-
graphic and visual beacon calculations. Note that Eq. 24 is independent
of the solar illuminance, transmittance, and telescope diameter values
except as they affect the contrast and resolution values of the detec-
tion system.

The exit pupil, d, is a function of the telescope objective

diameter and magnification so that

Do
d = e (25)
Equation 24 then becomes
ar d2 2 K Q R
b A a2 26)
0.84 (C + 1) LD 1.36 cos%

where M/D0 is the magnification per unit diameter.

6976-Phase 1 A-8



Now let us analyze Eqs. 15 and 16 before discussing Cp and CV
in depth. For any given phase angle and landing site, the terms
KQ ag 08/3.36 are constant. Both K6 and ag are discussed in another
section. Therefore, the beacon area varies as the square of the range
and the square of the resolution angle. For any given viewing case,
the range will be constant., Therefore, the resolution angle chosen
will be a major factor in determining beacon area. This choice is,
therefore, the subject of a complete section. Looking at the left
side of Eqs. 15 and 16, the area will be inversely proportional to
the beacon reflectance. Of all the variables in each equation, this
probably has the greatest possible range in values depending on the
degradation analysis and space micrometeoroid data one uses. There-
fore beacon reflectance is also the subject of a separate section.

Both equations have similar terms (Cp + 1) and CV + 1) related
to photographic and visual detection contrast respectively. It will
be shown that both Cp and CV are less than 1 so that the beacon areas
required are relatively insensitive to contrast changes. The contrast
values will be discussed in the next section.

Finally, the visual detection is highly dependent on the magnifi-
cation per unit telescope diameter where in practice the ratio will be
between 0.4 and 2.0 for most conditions. Since the practical magnifi-
cation per unit telescope diameter seems inversely proportional to
seeing conditions which 1limit B most of the time, using limited data
by Bowen, then the area of the beacon appears to vary as 84 which
indicates the great dependence of beacon detection on seeing condi-

tions.
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4. CONTRAST
The degree of photographic or visual contrast required for
detection is dependent on both the desired probability of detection

and the detector efficiency.

4.1 Photographic contrast

Photographic contrast used herein is given by

Films are classified in terms of development contrast, vy,
density differences, AD, where D = log l/transmission, and A log I,

the differences in the logs of the exposures in meter-candle-seconds,

so that
_ AD
LAY log I (27)
but
I =Et (28)
so that
_ AD _ AD _ AD
Y = A log Et _ log Ep t-logE .t B E.y (29)
log —
E
af

For each photographic film there is an rms graininess density variation
of standard deviation, o, where o is measured in the same units as D.

For a detection probability of 99.7 percent, a density difference AD

6976-Phase 1 A-10



of 30 is required. vy is the slope of the D versus log I curve meas-
ured at field brightness exposure energy, If, level. o is measured
from microdensitometer readings and will vary according to the slit
width, d, of the microdensitometer, which ranges from 5 to 25 microns

(0.0002 to 0.001 inch) wide according to the relationship
g-d=k (30)

Therefore, the microdensitometer used to evaluate lumar photographs
should have the same width as the slit used in the rms graininess
measurement, to achieve the results predicted from theory.

For minimum seeing disturbances, the film exposure time
should be short and, therefore, the exposure index high. Exposures,
t, 1/25 second or less are desirable. The exposure energy, I, is

given by the following term derived by combining Eqs. 7 and 28:

T T_K,a_E t -
0
1= -2 t - f s (31)
4N
and
. . 1
A.S.A. film reading = I (32)
2
For Te = 0.70, Tf = 0.70, Ky = 1, a, = 0.065, Es = 140,000 lumens/m

N =16, and t = 0.04

A.S.A, = = 5.75

For films of equal or higher A.S.A. value, many have y's equal or

greater than 3.0 and ¢'s less than or equal to 0.1. Therefore

Cp + 1 = 1og-l %4% = 1.08 (by combining Eqs. 13 and 29)

6976-Phase 1 A-11




This value has been used in all photographic calculations and appears
quite conservative due to the conservative film assumptions.

Assume that 1/2 sec seeing, B = 1/2 sec, is practical for a
given site, i.e., at least 10 percent of the time at Pic-du-Mich in
France and that the telescope has a resolution better than 1/2 sec
of arc., Then from Fig. 1 drawn with this example the area factor
arb/(Cp + 1) is 1.13 square meters for a O-degree phase angle sight-
ing at 0 degree longitude. Therefore, for a reflectance of 0.80 and
(Cp + 1) = 1.08 above, a = 1.53 square meters (16.5 square feet).

Other photographic detection beacon areas were calculated

in a similar fashion.

4.2 Visual Contrast

Visual contrast required for detection has been the subject
of numerous investigations, many of which are summarized by Taylor
(1964). 1In general, most calculations refer to the work of Blackwell
(1946) who reported the Tiffany Data. These data represented special
viewing conditions characterized by the following factors:

1. Uniform circular targets

2. Uniform background

3 Binocular vision

4. Known time of stimulus

5. Known direction of stimulus
6. Trained observers

The Tiffany data are reported for a 50-percent probability
of detection, CSO' Taylor has summarized various correction factors
for modifying the original Blackwell data for application to practical
conditions. These are summarized in Table 1. For beacon calculations,
the contrast, Cv’ used is related to the correction values in the
table, Kp’ Kb’ Kv’ Kt’ and the original data, Tiffany Data CSO’ by

cV = Kp Kb KV Kt CSO (33)

6976-Phase 1 A-12




TABLE 1
CORRECTION FACTORS FOR BLACKWELL DATA

Factor
1. 1. Detection Probability, Kp
50% 1.0
90% 1.50
95% 1.64
997% 1.91
2. Target Properties, Kb
Known Factors
Location Time Size Duration
X X X 1.00
X X 1.40
X X 1.60
X X 1.50
X 1.45
X X X 1.31
3. Vigilance, Kv 1.19
4, Training, Kt
Trained 1.00
Untrained 1.90

Values of Kp = 1.91, Kb = 1.40, Kv = 1.19, and Kt = 1.00 were chosen
representing a 99-percent detection probability, unknown flash time
(i.e., not an omnidirectional beacon), a vigilant and trained observer

or CV = 3.18 C5 This is the range of presently accepted conversion

0
factors for the Tiffany data. Even if this factor is in error by a
factor of 2, beacon areas will only increase by 20 percent for the

worst practical telescopic visual case.
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The visual contrast is a function of apparent field bright-

ness, Baf’ and apparent beacon angular subtend, MB. Baf can be

determined from a plot of Ba dz versus Baf (Fig. 3) where by rear-

f
ranging Eq. 16

B, dj =T, T d” B (34)

which by substitution of Eq. 25 is

2
D K, a_E
2 _ . ol B8 °f"s

Baf de - Te Tt [M J 7 (35)

For the 28X, 1.58-inch CM sextant sighting on O-degree phase angle at

T, =1.0, T =0.27, D /M = 1.443 mm = d, Ky = 1, a_ = 0.065, E_ = 14.0

candles/cm?. Therefore, Baf dz = 1,61 x 10_3 candles (and log
2
Baf de = -3.206).

Reading from Fig. 3, which is drawn showing this example,
the apparent field brightness is 1.58 x 10—2 candles/cmz.

Original smoothed Tiffany data, taken from Blackwell (1946)
and converted to brightnesses in candles/cmz, are shown in Fig. 4.
Assuming a sextant resolution of 5 seconds, which is conservative
compared with the 3.5 seconds value determined from (1.22 K/DO), the

apparent beacon angular subtend will be 2.33 min